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Summary 
 
The speed of sound in air mainly depends on temperature and flow properties along 
the propagation path of acoustic signals. In turn, distributions of these quantities can 
be determined from sound speed measurements along different propagation paths. In 
this article, a modular measurement system is presented which is suited to demonstrate 
the effects of surrounding conditions on the speed of sound, e.g. for educational 
purposes, and which can be used for an easy testing of new hardware components or 
algorithms. Underlying mathematical relations are explained and uncertainties are 
discussed. A sample application of the system within a laboratory shows the effect of 
local heating on the sound speed along several propagation paths which differ in their 
spatial distribution with respect to the heating source.  
 
Zusammenfassung 
 
Die Schallgeschwindigkeit in Luft hängt maßgeblich von der Temperatur und den 
Strömungsverhältnissen entlang des Ausbreitungsweges akustischer Signale ab. Diese 
Abhängigkeit kann genutzt werden, um räumliche Verteilungen dieser 
Atmosphärenparameter aus Messungen der Schallgeschwindigkeit entlang 
verschiedener Wege durch ein Untersuchungsgebiet zu bestimmen. In diesem Artikel 
wird ein modular aufgebautes Messsystem vorgestellt. Dieses kann zum Beispiel in 
der Ausbildung genutzt werden, um den Effekt der Umgebungsbedingungen auf die 
Ausbreitungsgeschwindigkeit akustischer Signale zu demonstrieren. Es ist jedoch 
ebenfalls geeignet, um neue Algorithmen oder Hardwarekomponenten zu untersuchen. 
Die zugrundeliegenden mathematischen Zusammenhänge werden vorgestellt und 
resultierende Unsicherheiten werden diskutiert. Eine Beispielanwendung des 
Messsystems im Labor zeigt anschaulich den Effekt, den eine lokal begrenzte 
Heizquelle auf die Schallgeschwindigkeit entlang verschiedener Schallwege hat, die 
sich hinsichtlich ihrer räumlichen Nähe zur Heizquelle unterscheiden.  
 
1 Introduction 
 
The speed with which acoustic signals propagate in air depends on the properties along 
the propagation path. In particular, temperature and flow influence the speed of sound. 
This dependence can be used to estimate average temperature and flow properties 
along a sound propagation path from sound speed measurements between a source and 
a receiver. Subsequently, measurements along distinct paths through an area permit an 
estimation of spatially distributed temperature and flow fields using tomographic 
reconstruction techniques.  
Such reconstruction techniques are widely used, especially in medicine (e.g. magnetic 
resonance tomography, computer tomography), but also in materials science (e.g. non-
destructive testing of materials) or for geophysical investigations. In the last-
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mentioned field of application, the method is used, e.g., to investigate the structure of 
the Earth's interior (Menke, 1989, Aki and Richards, 2002), the properties of water 
bodies in oceanography (Munk et al., 1995) or to perform atmospheric investigations 
(Arnold, 2000, Ziemann, 2000). The basic principle of all tomographic techniques is to 
reconstruct two- or three-dimensional distributions from line integrated measurements. 
Hereby, a sounding signal or energy has to be used (which may be actively generated), 
which is noticeable changed according to the properties along the propagation path.  
In atmospheric sciences tomographic techniques are used to remotely measure 
distributions of temperature and flow properties within a definite area or volume. 
Detailed reviews on the method, its progress and potential applications are given by 
Wilson et al. (2001) and Ostashev et al. (2009). An advantage of the method is that no 
sensors have to be inserted into the area under investigation which might influence the 
properties of the flow field. In addition, measured temperature values are not 
influenced by technical properties of the sensor, like effects of radiation. Furthermore, 
a spatial distribution of parameters (e.g. volume or area averaged values) is estimated 
which meets the demands of input data for model calculation. 
For testing and demonstration a model apparatus has been developed which is suited to 
test new hardware and software components and which can be used to vividly show 
the effect of temperature and flow on the propagation speed of acoustic signals. In this 
article a two-dimensional application of the model apparatus in the laboratory is 
presented. Thereby, the main focus is on the demonstration of the effect of local 
heating on the speed of sound along different propagation paths. For this purpose, at 
first, the theoretical background of sound speed dependencies in air is given. Secondly, 
uncertainties of the method are discussed. After that, the measurement configuration is 
shortly described which was used to take the measurements presented in section 5. 
Reconstructed distributions of temperature and flow fields using tomographic methods 
are not a primary objectives of this article. Thus, only a brief overview on this topic is 
given. For further information, the reader is referred to, e.g., Barth (2009) and Barth et 
al. (2007) for two-dimensional applications or Barth and Raabe (2011) for a three-
dimensional set-up of sensors using the model apparatus. 
 
2 Theoretical Background 
 
The acoustic travel time tomographic system is based on the dependency of the speed 
of sound in air on temperature, flow properties, and to a small extent on humidity, 
along the sound propagation path. Temperature (as well as humidity) has a scalar 
influence on the speed of sound, the warmer the air (the more water vapour the air 
contains) the faster the sound travels, while wind has a vectorial influence: sound 
travels faster in downwind direction and slower in adverse winds. In the next sections, 
most important mathematical relations concerning sound speed calculation and 
subsequent sensitivity estimations are given. 
 
2.1 Sound propagation in air 
 
In a motionless atmosphere, acoustic waves propagate with adiabatic or Laplace sound 
speed 2L sc R T , where T is the air temperature along the propagation path,  is the 
ratio between specific heat capacities at constant pressure and constant volume 
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( p v/c c  ) and Rs is the specific gas constant. The latter two quantities depend on the 
predominant composition of the medium through which the sound propagates. For 
tropospheric investigations, the composition of dry air can be assumed to be nearly 
constant. The only constituent which can vary considerably is water vapour. Anyhow, 
to use constant gas-specific quantities (Rs and ) for dry air (index d), the acoustic 
virtual temperature Tav is introduced. This temperature includes the influence of the 
varying water vapour content and is given by  
  av 1 0.513T T q  , (1) 
where q is the specific humidity.  
Thus, the speed of sound in a motionless atmosphere is given by 
 2
L d d avc R T , (2) 
with d = 1.4 and Rd = 287.05 J kg
-1
 K
-1
. 
For further considerations, it is premised that sound propagation takes place along 
discrete sound propagation paths, referred to as sound rays (geometric acoustics 
model). This assumption is valid as long as the wavelength of the acoustic signals is 
much shorter than the spatial extension of the measurement site and inhomogeneities 
within the medium.  
Now, sound propagation in moving air is considered. When the air is moving with 
velocity v, the wave velocity cL n seen by someone moving with the fluid becomes 
v + cL n in a coordinate system at rest. Here n is the unit vector normal to the 
wavefront and v = u i + v j + w k denotes the flow vector where i, j and k are the basis 
unit vectors of a Cartesian coordinate system and (u, v, w) are the flow components in 
the corresponding directions. Thus, as illustrated in Figure 1, the velocity of sound 
propagation along the sound ray path cray is given by    ray av L av,T c T c v n v  (Pierce, 
1989; Ostashev, 1997). From this, the sound speed along the sound ray path, cray, can 
be estimated to be ray ray ray Lc c      c s c s n s v , where s is the unit vector in the 
direction of sound propagation. Provided that |v| « cL, the scalar product s 
.
 n  1. 
Thus, the sound speed along the sound propagation path, also referred to as effective 
sound speed ceff, is given by 
 ray L r effc c v c    (3) 
with vr being the flow velocity in the direction of sound propagation.  
For further analyses the two influencing factors on the speed of sound, acoustic virtual 
temperature and flow, are separated utilising the different character of the quantities. 
Whereas temperature influences the speed of sound independently from the direction 
of sound propagation, the effect of air movement depends upon direction. Thus, to 
separate the influences, sound propagation in opposing directions is considered.  
Ideally, reciprocal sound transmission (same sound ray paths for forward and 
backward sound transmission) should be applied. This requires that acoustic 
transmitters can act as sound sources as well as sound receivers.  
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Figure 1: Acoustic signal propagating in a moving atmosphere indicated by its 
wavefront (dashed lines) at times t and t+t. The sound velocity along the ray path cray 
depends on Laplace sound speed cL and flow velocity v. The vectors n and s are unit 
vectors normal to the wavefront and tangent to the sound ray path, respectively. 
 
Now, the Laplace content can be separated by summing up the effective sound speed 
values in forward (index: 1) and backward (index: 2) direction, while the flow value 
along the ray path is obtained by subtracting the effective sound speed values. Given a 
definite distance d between acoustic transmitters, measured travel times  can be used 
to estimate the effective sound speed  
 
eff
d
c

  (4) 
along the sound ray path. From this, the Laplace sound speed and the flow velocity 
along the ray path can be calculated 
 
   L eff,1 eff,2 r,1 eff,1 eff,2 r,2
1 2 1 2
1 1 1 1 1 1
2 2 2 2
d d
c c c v c c v
   
   
            
   
 (5) 
For practical reasons, separated speakers and microphones are used resulting in 
spatially separated sound ray paths. To still separate the influencing factors the sensors 
are arranged in such a way that pairwise parallel sound propagation paths can be 
analyzed (bidirectional sound propagation). To minimize errors due to different 
environmental conditions along the bidirectional sound ray paths, the distance between 
the ray paths should be as small as possible. 
 
2.2 Sensitivity 
 
According to the mathematical relationship between temperature, humidity and air 
flow along the propagation path of acoustic signals and the effective speed of sound as 
described in section 2.1, sensitivity of sound speeds with regard to prevailing 
atmospheric parameters can be deduced.  
First, motionless air is considered. In this case, the effective sound speed equals the 
Laplace sound speed. Thus, from equations (1) and (2), sensitivity of the speed of 
sound u(cL) with regard to specific humidity changes u(q) and air temperature changes 
u(T) can be derived applying the law of error propagation which leads to 
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     
 
 
L L
L
L L1 0.513( )
2 2 1 0.513
c c
u c u T u q
T q
c c
u T u q
T q
 
 
 
 

. (6) 
Assuming a temperature value of 30 °C (303.15 K), a temperature change of 1 K 
(which is a comparatively low value) causes a change in sound speed of approximately 
0.6 m/s on the one hand. On the other hand, a relative humidity change of 10 % (from 
90 % to 100 %) at 30 °C is analyzed. This increase in relative humidity is connected to 
an increase of specific humidity from 24.0 g/kg to 26.8 g/kg (rise of 2.8 g/kg). This 
comparably high change results in an increase of the Laplace sound speed of only 
about 0.2 m/s. From this it can be concluded, that changes in the Laplace sound speed 
mainly indicate changes in air temperature rather than changes in humidity.  
For moving air, sensitivity of the effective sound speed u(ceff) is given by 
 
       eff effeff L r L r
L r
( )
c c
u c u c u v u c u v
c v
 
   
 
 (7) 
Apparently, a change of the flow component along the sound propagation path vr 
directly causes a change of the effective sound speed with the same magnitude. 
 
2.3 Tomographic reconstruction 
 
As described in section 2.1, acoustic signals are significantly altered by air properties, 
especially temperature and flow, along the propagation path. For tomographic 
reconstruction of distributions from measurements along distinct sound ray paths, 
algebraic techniques are used as well as stochastic methods.  
For algebraic techniques, the area under investigation has to be subdivided into distinct 
sub-areas (grid cells). Assuming an initial distribution of parameters (e.g. 
temperatures) for the whole grid, acoustic travel times are calculated for each sound 
ray path (positions of sources and receivers are known, assumption of straight sound 
rays). These calculated travel times are compared to the measured values. Based on 
differences between measured and calculated values, corrections for each grid cell 
value are calculated in an iterative process until a termination condition (number of 
iterations or difference between calculated and measured travel time values) is 
reached. This procedure provides values for discrete sub-areas of the measurement 
area. Sample applications of such techniques for outdoor investigations can be found 
in Raabe et al. (2001) and Ziemann et al. (2001) for example. 
On the other hand, stochastic inversion (SI) or time dependent stochastic inversion 
(TDSI) is applied to reconstruct spatially resolved meteorological quantities. Unlike 
algebraic methods, the distributions reconstructed using SI or TDSI are composed of a 
mean value within the area under investigation which is calculated first and spatial 
fluctuations from this mean value at defined points within the tomographic area. For 
this method additional information on the investigation area, namely the spatial 
covariance functions of temperature and wind velocity fluctuations, is required 
(Wilson and Thomson, 1994, Vecherin et al., 2007).  
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A detailed description of different reconstruction techniques used for tomographic 
investigations in air, sensitivity studies and sample applications for temperature 
reconstructions from acoustic measurements can be found in Fischer (2008) and 
Fischer et al. (2009) or in references therein.  
 
3 Acoustic tomographic system 
 
Acoustic tomographic measurements are performed utilising a standard personal 
computer (PC) with an acoustic spectrometer card and associated sound sources and 
receivers. In this section, a short overview of the measurement system is given which 
is used for testing and demonstration in the laboratory. There are no general 
restrictions for the method to be limited to indoor applications. Rather, the method 
itself is scalable. It only has to be ensured that acoustic signals can be properly 
detected at the receivers to ensure a reliable estimation of travel times. Thus, for longer 
sound propagation paths, an adjustment of speakers (sound emission) could be 
necessary.  
 
3.1 Hardware 
 
The core of the acoustic tomographic measurement system is a commercially available 
acoustic multi-channel spectrometer (SINUS, 2011). This device performs the digital-
analogue conversion (DAC) of sound signals which are generated at a PC, the 
transmission, reception and the analogue-digital conversion (ADC) of the received 
signals on a common time basis. It operates in the audio range and uses a sampling 
rate of 51.2 kHz. For the measurements two measurement cards are combined for the 
use of up to 16 separated receiver channels and 8 separated transmission channels. To 
apply reciprocal sound transmission for separating temperature and flow influences, an 
arrangement of 8 source-receiver-pairs around a measurement area of 1.23 m  1.23 m 
is built up (Figure 2). For the laboratory set-up 1/4 inch condenser measurement 
microphones are used as receivers and in-house manufactured speakers are used as 
transmitters (Barth, 2009).  
 
 
3.2 Software 
 
The programming environment of MATLAB has been used to develop a modular 
software package which can be used to generate the sound signals, to control the 
measurement process, to store received data and to perform subsequent analyses of the 
acoustic signals up to the plotting of reconstructed distributions. Each module, e.g. the 
signal generation or the reconstruction algorithm, can easily be changed giving high 
flexibility for testing and demonstration.  
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Figure 2: Photograph (left) and schematic top view (right) of the model tomographic 
apparatus for testing and educational purposes. Eight source-receiver-units (each 
consisting of one loud speaker and one microphone) are fixed to a frame construction 
made of aluminium profiles to ensure high flexibility in positioning. The area to be 
investigated extends to 1.23 m  1.23 m. For tomographic reconstruction this area is 
divided into distinct grid cells whose boundaries are indicated by gray straight lines. 
On the right side, black dashed lines illustrate sound ray paths. Sound sources (black 
circles) and receivers (grey diamonds) are indicated by S and R, respectively. 
 
4 Measurement uncertainties 
 
According to equation (4), the effective speed of sound is calculated from travel time 
measurements knowing the positions of the sound sources and receivers, and 
therefrom knowing the sound ray path lengths. Thus, uncertainties in effective sound 
speed estimates result from uncertainties in travel time measurements u() as well as 
from position uncertainties u(d) 
 
     eff eff eff effeff ( ) ( )
c c c c
u c u u d u u d
d d
 
 
 
   
 
 (8) 
For the current measurement hardware, travel times can be estimated with an 
uncertainty of 2 s using interpolation techniques (Holstein et al., 2004). Uncertainties 
for measurements of source and receiver positions are assumed to be in the range of 
few millimetres. Resultant uncertainties for the effective sound speed are plotted in 
Figure 3.  
The total uncertainty of sound speed measurements for sound ray paths which are 
longer than 1.2 m is about 0.8 m/s for motionless conditions with an acoustic virtual 
temperature of 30 °C. Thereby, the great deal of uncertainties is connected with 
uncertainties from measuring the position of the sound sources and receivers (0.6 m/s). 
To neglect uncertainties from positioning, the system has to be calibrated using 
alternative measurements of temperature and humidity (e.g. psychrometer data). 
Therefore, travel times along all sound ray paths are measured for these known 
conditions (assuming a homogeneous temperature and humidity distributions within 
the measurement area, no wind). From ambient conditions, expected travel time values 
are estimated. These values are compared to the measured travel times for every sound 
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ray path and differences are calculated. For subsequent measurements travel times are 
adjusted using these differences. Due to this procedure, uncertainties in estimated 
sound speed values only result from uncertainties in travel time measurements. Thus, 
for ray path lengths over 1.2 m, an uncertainty for the effective sound speed of 0.2 m/s 
and below can be achieved.  
 
 
Figure 3: Uncertainties for effective sound speed estimates u(ceff) which result from 
uncertainties of travel time measurements (line A with u() = 2 s) and uncertainties 
of position measurements (line B with u(d) = 2 mm) for motionless conditions and an 
acoustic virtual temperature of 30 °C (ceff = 349.0 m/s). 
 
5 Example measurement  
 
An example measurement using the measurement setup introduced in section 3 has 
been carried out in a laboratory of our institute to demonstrate the influence of 
temperature on sound speed along different sound ray paths. Therefore, a series of 
measurement was taken where the area under investigation was differently heated to 
generate local differences of temperatures. Over all, the testing time was about four 
hours, it started at 12:36 CET and ended at 16:39 CET. Single travel time 
measurements for all sound ray paths were taken every 20 s. For generating locally 
inhomogeneous temperature distributions, a heating plate was positioned within the 
measurement area. In Figure 2 (right) the location of the heating plate is indicated by 
the label ‘T14’. At 13:29 CET the heating plate was turned on and at 14:41 CET it was 
switched off again. 
To calibrate the measurement setup (for elimination of uncertainties due to 
measurements of sources and receivers positions as described in section 4) initial 
conditions within the laboratory room (no wind) were measured. The air temperature 
  was observed to be 22 °C, the relative humidity rH was 50 % and the air pressure p 
was 995.3 hPa. From these parameters, the acoustic virtual temperature Tav and the 
Laplace sound speed cL were calculated according to formulas (1) to (2) 
(Tav = 23.3 °C, cL = 345.1 m/s). These values were used to estimate temporal 
corrections for each sound ray path according to the travel time measurements between 
all sound sources and receivers. For all subsequent measurements, travel times are 
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calculated from measured travel time values applying these corrections. Thus, changes 
of travel times along a certain sound ray path represent changes with respect to the 
initial conditions.  
According to the remarks in section 2.1, temperature dependent sound speed was 
separated considering bi-directional sound ray paths. From the Laplace sound speed cL 
(equation (5)), acoustic virtual temperature values (equation (2)) for each parallel pair 
of sound rays was estimated. From this value the air temperature (equation (1)) was 
calculated assuming a constant water vapour content (q = 8.3 g/kg).  
Figure 4 shows the time dependent course of temperature for six selected sound 
propagation paths within the measurement area. The line identifiers are chosen in 
correspondence with the schematic picture of the tomographic measurement system in 
Figure 2 (right). S/R 1/4 indicates the pair of sound rays from source 1 to receiver 4 
and vice versa. Three of the sound propagation paths directly traverse the grid cell 
which is heated and the other three paths bypass this grid cell.  
 
 
Figure 4: Temporal course of air temperature for selected sound ray paths which 
traverse the grid cell which is directly influenced by heating (open squares, circles, 
triangle) on the one hand and which bypass this grid cell (crosses, plus signs, 
asterisks) on the other hand. The sound ray path is indicated by the source (S) and 
receiver (R) number (S/R 1/4 indicates the pair of sound rays from source 1 to receiver 
4 and from source 4 to receiver 1). 
 
During the first part of the measurements (no heating) estimated temperatures along all 
sound rays are nearly constant. In this time interval, temperature variability between 
all sound propagation paths within the area under investigation is less than 0.3 K at a 
certain point in time.  
After turning on the heating plate (13:29 CET) a sudden rise in estimated temperature 
values for all sound paths is observed. However, it is evident that temperature values 
along sound rays which do not propagate through the heated grid cell do not increase 
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as much and as high as temperature values along sound paths which directly traverse 
the heated area. This clearly shows that the heating is not limited to the air directly 
above the heating plate but also influences the surrounding air even if the effect is 
considerably less. Furthermore, estimated temperature values for those sound paths 
which traverse the heated grid cell, show remarkable higher variations in time than the 
other values which is due to a technically caused sequential heating of the heating 
source (to avoid overheating). In addition, it is obvious that the rise in temperature is 
comparably low (up to a maximum of about 25 °C) even for those paths which are 
directly influenced by the heating source. Reasons for this are that on the one hand 
measurements represent line integrated (line averaged) conditions and only a short 
path section is directly influenced by heating. On the other hand, the heat is not 
accumulated within the area of investigation, it only passes through it and in addition 
acoustic measurements are not influenced by radiation.  
After switching off the heating plate at 14:41 CET, estimated temperature values along 
all paths decrease down to a nearly constant value which is slightly above the initial 
value from the beginning of the measurement. This corresponds to an overall warming 
of the laboratory. Furthermore, to the end of the measurement, spatial variations for all 
sound ray paths within the measurement area at a certain point in time decreased down 
to the value from the first measurement part (0.3 K).  
Figure 5 shows examples of tomographically reconstructed distributions of 
temperature values from travel time measurements within the measuring area at two 
distinct times. Calculations were made using the simultaneous iterative reconstruction 
technique, an algebraic method, which was terminated after 50 iterative steps.  
 
 
Figure 5: Example tomographic reconstruction of temperature values from travel time 
measurements at 12:40:43 CET (left) and 14:30:23 CET (right). 
 
The left image of Figure 5 was reconstructed from travel time measurements which 
were taken at 12:40:43 CET. At this time the heating plate was still switched off. 
Temperature values are nearly the same within all grid cells with a mean value of 
23.4 °C (average temperature for all 25 grid cells) and a standard deviation of 0.06 K. 
On the right side a reconstructed temperature distribution is shown which was 
calculated from travel time measurements which were taken at 14:30:23 CET. At this 
time the heating plate was turned on. The location of the heating source within grid 
cell T14 is clearly visible (cp. right side of Figure 2 for location of T14), whereas the 
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surrounding cells are considerably less influenced by heating as expected. The 
temperature reaches a maximum of 27.4 °C in T14. The mean temperature (spatial 
average over all 25 grid cells) is 24.4 °C. The standard deviation for this case (with 
local heating) is substantially higher than the standard deviation for the case without 
heating. It amounts to 0.67 K for the whole measurement area (all 25 grid cells). 
 
6 Conclusions 
 
In this article, a measurement system is introduced which can be used to vividly 
demonstrate acoustic techniques to estimate atmospheric parameters (in particular 
temperature) on the basis of travel time measurements of sound signals along well-
known propagation paths. The method itself is scalable and thus not limited to 
laboratory sized measurement areas but also suited to investigate outdoor distributions. 
Moreover, it is not limited to two-dimensional measurements but also applicable for 
three-dimensional investigations as shown, e.g., by Barth and Raabe (2011). 
Flexibility in sensor positioning easily enables investigations of the effect of different 
measurement set-ups. Furthermore, the modular structure facilitates an exchange of 
hardware and software components, e.g., to test different algorithms for signal 
processing, to investigate characteristics of acoustic signals or properties of sources 
and receivers.  
The measurement method is a remote sensing method. No sensors have to be directly 
inserted into the measurement area which reduces any disturbances of the fields due to 
instrumentation. Besides, measurements are not influenced by radiation which is a 
common problem, e.g. for in situ temperature sensors.  
Moreover, the sensitivity consideration showed that for an indoor application with 
sound ray path lengths of up to a few metres, changes of temperature and flow with 
respect to an initial distribution should be measured. In doing so, an accuracy of sound 
speed measurements in the range of 0.2 m/s can be achieved. An example 
measurement illustrates the sensitivity of the method concerning temperature 
estimation. The apparatus described here is used for demonstrations and for practical 
training at the Institute for Meteorology of the University of Leipzig since several 
years. 
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